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Introduction
Potato (solanum tuberosum L.) is one of the most important and widely
grown food crops in the world. The cultivated forms originate from a narrow
genetic base but 160 wild species are recognized and the global gene pool is
relatively untapped (Hawkes. 1978). Commercial cultivars are tetraploid
(2n : 4x : 48) and extremely heterozygous, with simplex inheritance
(Aaaa) for many characters (Howard, 1978). Sorne do not f lower easily, or
have reduced ferti l i ty, and others are pollen steri le. thereby l imiting the
number of desired crosses that can be made (Howard, 1970). Cytological
studies have helped towards understanding the relationships of different
Solanum species, but the chromosomes are small and diff icult to distinguish.
Such knowledge as the chromosomal localization of important genes, which
has aided cereal breeding, is therefore largely not available for potato.
Most new potato varieties are made by crossing together parents with
useful characters followed by vegetative propagation of the F' plants to form
clones. These clones and their tuber progenies are then screened in gradually
increasing plots over several years for favourable combinations of agronomic
traits. Effort has also been focusing on the use of true seed for breeding
programmes.
Over the last 15 years a new approach to potato breeding has been
emerging. At the outset, this approach should be viewed as a complement
to conventional breeding practices, and not as a replacement. There have
been technological advances in the developing fields of plant cell and molecu-
lar biology. Tissue culture systems provide the experimental system to which
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techniques of  genet ic  manipulat i i ln  can be appl ied.  Potatc-r  is one of  the more
amenable crops for t issue culture. Whole plants can be regenerated from a
range of  cu l tured t issues ( roots.  leaves.  tubers.  s tems) and f rom s ingle cel ls .
This technology offers new potential for potato breeding in a number of
ways:  some t issue cul ture techniques can be incorporated in to breeding
programmes to improve efficiency: new breeding strategies can be designed
using t issue cul ture in  conjunct ion wi th convent ional  breeding methods;  new
sources of  var iabi l i ty  are avai lable.  and a new type of  genet ics can be appl ied
by coupl ing the regenerat ion systems wi th the advancing technology of
genet ic  engineer ing.
In th is  rev iew we br ief ly  descr ibe the t issue cul ture techniques that  can be
appl ied to potato,  and the way in which some can be ut i l ized in  breeding
programmes.  We then examine some of  the consequences of  the cul ture
techniques and the new source of  var iat ion that  has unexpectedly ar isen in
cer ta in t issue cul ture systems.  We then rev iew the progress that  has been
made in the developing areas a imed at  more d i rect  manipulat ion of  the
genome. Our emphasis is  p laced not  so much on the techniques themselves
as towards an assessment  of  thei r  potent ia l  for  crop improvement .
Tissue culture responses and their application
Potato is  amenable to a number of  t issue cul ture techniques,  ranging f rom
in v'itro propagation via shoot cultures to regeneration of whole plants from
protoplasts.  In  general  terms,  these a l l  involve the growth of  p lants.  ce l ls ,
t issues and organs in steri le conditions, supported by an appropriate culture
medium. Media normal ly  conta in a mixture of  major  and minor  sal ts ,  v i t -
amins. sugar (as a carbon source) and plant growth regulators. The most
widely used formulat ions are based on that  of  Murashige and Skoog (1962).
which is  avai lable commercia l lv .
V IRUS EL IMINATION BY MERISTEM-T IP  CULTURE
Potato is susceptible to many viral pathogens. some of which may be present
without obvious symptoms, although causing gradual decrease in vigour and
yield. It is therefore very important, in this vegetatively propagated crop. to
be able to e l iminate v i ruses and obta in d isease-f ree p lants.
Eradication of viruses can be achieved bv culturing excised meristematic
buds under appropriate conditions. , rn"ihod thatlas been successfully
applied in many countries. The techniques are described by Mellor and
Stace-Smith (1977) who list 136 virus-free potato cultivars produced by
meristem-tip culture. The general procedure involves pretreatment of potato
shoots by growth at raised temperatures (32-37"C), surface steri l ization and
excision of apical and axil lary meristems (length 0'34.7 mm) and transfer
of the excised meristem to a fi l ter paper bridge in a tube containing l iquid
culture medium. After culture at2W25'C, shoots emerge and can be rooted
and potted out. The treated plants are then tested for the presence of viruses.
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Figure l .  A shoot cul turc:  dcvelopment of  a shoot f rom an axi l larv bud on a cut  stcrn (Scale
b a r  :  I  c m ) .
Cri t ica l  factors are the s ize of  the mer is tem and heat  t reatment .  The addi t ion
of  ant imetabol i tes may a lso assis t  v i rus eradicat ion.
MICROPROPAGATION AND GERMPLASM STORAGE
Axillary buds on excised stem segments in culture wil l grow out to form
shoots (Figure 1). Shoot cultures of potato obtained in this way can be
maintained indefinitely by repeated subculturing. They are a valuable source
material for t issue culture and a means of keeping genetic stocks. They also
provide the basis for rapid multiplication of potato stocks by micropropag-
at ion.
Following surface steri l ization. stem segments are cultured on standard
agar media,  in  the absence of  growth regulators.  or  wi th low levels of
cytok in in (Hussey and Stacey,  1981).  Shoots which develop can,  in  turn.  be
cut into nodal segments to repeat the process. A multiplication rate of about
x l0 per month occurs under continuous l ight (600()-i3000 Iux) at 25"C and,
by 18 weeks. over 500 plants can be obtained from sprouts from one medium-
sized tuber  (Hussey and Stacey,  1981).  Cul tured shoots rapid ly  develop roots
and can be transferred to soil after washing off the agar. Alternatively, stem
segments can be cultured, rooted in l iquid medium and transferred directly
to soil. a method which is more convenient but which results in lower final
mul t ip l icat ion rates (Hussey and Stacey,  1981).
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After 3-4 months in culture, mini-tubers of 3-6 mrn diameter may develop
at the nodes. Production of one per node can be obtained effectively by
cul tur ing stems in shor t  days on medium conta in ing h igh benzylaminopur ine
(BAP) and sucrose levels (2.0 mg/l BAP, 6olo sucrose). Mini-tubers exhibit
dormancy and may be used for storage and transport of germplasm (Hussey
and Stacey,  1984).
Micropropagation is a useful me.ans of multiplying virus-free potato stocks
and new or  imported cul t ivars,  for  which few tubers may be in i t ia l ly  avai lable,
under conditions where reinfection with virus or inf'ection with fungus-borne
diseases does not occur. It is used commercially, for example by Nickersons
(Scotland) as a means of multiplying first-year stock for seed production. The
propagation of virus-tested stem cuttings by conventional methods produces
800-900 plants from a single clone in 3 years (Hussey and Stacey. lgtl l). In
contrast, by using in vitro micropropagation many thousands of plants can
be produced from one clone in a single year, although at least one generation
in the field is required before use.
In order to maintain genetic resources in potato, there is a need to store
primitive potato cultivars and related wild species which cannot be stored as
seed.  In convent ional  propagat ion there is  a lways a r isk of  loss (westcot t .
Henshaw and Roca,  1977).  Clones may be stored by the techniques out l ined
above, but using additional modifications to slow the growth in culture and
to lessen the need for subculturing. This can be usefully achieved by growth
at low temperature (e.g. G8'C) and low Iight intensity, which requires only
annual  subcul tur ing.  In  future the need to subcul ture may be e l iminated
completely by cryopreservation in l iquid nitrogen (Withers, l9tt3).
ORGAN AND EXPLANT CULTURE
Whole potato plants can be regenerated from cultured organs, such as
anthers and ovaries, and from cultured explants, such as pieces of leaf, stem,
rachis and tuber. Regeneration procedures generally involve the production
of adventitious shoots from disorganized cell growth, or callus, unlike meristem-
tip culture and micropropagation, in which callus formation is avoided.
Regeneration from cultured explants has been achieved by use of a single
medium for both callus init iation and shoot formation (Roest and Bokel-
mann, 1976; Jarret, Hasegawa and Erickson, 1980). A simple two-stage
procedure has been applied to a broad range of cultivars (Webb, Osifo and
Henshaw, 1983;  Wheeler  et  a l . ,  1985) for  monohaplo id and d ihaplo id l ines
(Karp er  a\ . ,1984).  The cel l  pro l i ferat ion phase,  of  about  2 weeks 'durat ion.
requires the presence of auxin and cytokinin in the medium. In a second
morphogenet ic  phase,  advent i t ious shoots appear on a medium conta in ing
cytok in in and g ibberel l ic  ac id (Webb, .Osi fo and Henshaw, 1983,  Wheeler  er
c/., 1985). Callus formation occurs at the cut surfaces of explants by the
lo-14th day. The callus becomes nodular with the emergence of shoots after
24 days and large numbers of shoots (more than 50) may form on I cm leaf
discs or rachis pieces (Figure 2). The shoots can be rooted by transfer
to medium containing 0.06 mg/l naphthalene acetic acid (NAA) and then
transplanted into soil to produce full-size potato plants.
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Figure 2.  Shoots rcqcncrated l ront  cal lus l i r rmcd on cul tured lcaves o1 a ntonohaploi t l  potato
( S c : t l c b a r =  l c n r ) .
Artther and ovarr culture Ior the prodLtt'tiott oJ' hapktid.s
Anther  and ovary cul ture can be used as a means of  producing potato p lants
wi th a gamet ic  chromosome const i tu t ion (or  haplo id potatoes) .  As potato is
a tet raplo id.  two successive levels of  haplo idy are possib le:  the f i rs t .  or
d ihaplo id (2n :  2x:  24)  is  obta ined af ter  reducion f ron the tet raplo id;  the
second.  or  monohaplo id (2n :  x  :  12)  af ter  reduct ion f rom the d ihaplo id.
Both levels  are usefu l  in  potato breeding (Hermsen and Ramanna,  lg t t l ) .
In  addi t ion to anther  and ovary cul ture,  haplo ids can be obta ined by
parthenogenesis or chromosome elimination and can also arise spon-
taneously. To be of value, t issue culture should therefore be a more efficient
alternative. Parthenogenetic extraction of dihaploids by crossing tetraploid
potatoes with Solanum phureja (Hougas and Peloquin, 1957) has been so
improved by the use of 'superior poll inators' that production by this method
is relatively routine and has superseded anther culture. Recent studies by
Johansson (1986), however, have shown a much improved efficiency of
dihaploid production in anther culture of several potato cultivars. Out of 20
tetraploid clones, 19 produced embryoids and more than 90% of the regener-
ated plants were dihaploid. These studies indicate that t issue culture may
sti l l  make a contribution to dihaploid production.
Parthenogenetic extraction has been used to obtain monohaploids from
dihaploids (Jacobsen, 1978), but efficiency is low and advances in the culture
of dihaploid anthers have led this to be the favoured technique for certain
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genotypes (Binding et  a l . ,1978;  Jacobsen and Sopory.  l97t l :  Sopory.
Jacobsen and Wenzel, 1978; Wenzel et al .. 1979).
The factors that are important for anther culture include background
genotype, plating at the correct developmental stage (uninucleate micro-
spores.  i .e .  f lower buds 4-6 mm in length) .  pret reatment  (e.g. incubat ion of
flower buds at 6"C for 4tt h) and the media components (e.g. sucrose 6,%,
activated charcoal 0.5%. BAP, 1 mg/l (Sopory, Jacobsen and Wenzel, 1978;
Wenzel  and Uhr ig.  1981).  Donor p lants for  anther  cul ture can be graf ted on
to tomato to pro long f lower ing (Wenzel  and Uhr ig.  1981).
Using such techniques Sopory.  Jacobsen and Wenzel  (1978) achieved
microspore embryogenesis in 35% of cultured dihaploid anthers. Ot 22
embryos examined cyto-logically, seven were found to be monohaploid. 14
had 24 chromosomes and one contained the full tetraploid complement. In
a more exhaust ive study.  Wenzel  and Uhr ig (1981) produced 6000 c lones
from cultured dihaploid anthers: about 90% of these appeared to have
doubled up spontaneously in culture to give ferti le double monohaploicl
clones (2n : 2x : 24); the remainder were monohaploids. Hybrid donor
clones carrying resistance genes to Globodera rostochiensis and potato virus
Y (PVY) yielded homozygous resistant double monohaploid l ines.
The main l imitation of anther culture is that progress so far has been
restricted to few genotypes, although attempts to breed in responsivity (i.e.
higher recovery from anther culture) have met with some success (Uhrie,
1983).
PROTOPLASTS
Potato plants can be regenerated from wall-less cells (or protoplasts) (Figure
3). This is very important for direct genome manipulation by mutation,
fusion or transformation, where the aim, to obtain plants in which all cells
contain the altered genotype, can be achieved most satisfactori ly through
regeneration from single cells. These applications are discussed in some
detail later.
In general terms, to obtain viable leaf protoplasts of potato it is necessary
to control leaf growth conditions carefully. Plants must either be grown in
controlled-environment cabinets with specific l ight, nutrient and humidity
regimes, or else as shoot cultures. After plasmolysis the protoplasts are
released by enzyme digestion of the cell wall (Figure 3a) and then protected
from bursting by provision of a suitable osmotic environment. They are
washed and cultured in an appropriate medium which allows the synthesis
of new cell walls followed by cell division. Repeated divisions result in the
formation of colonies (Figure 3b,c). When these are large enough to be
visible to the naked eye they are transferred to a solid medium on which
further growth occurs to form callus (Figure 3d). This is followed by transfer
to media that induce differentiation and shoot emergence (Figure -?e) and
then to a 'rooting' medium on which roots are established on the shoots
(Figure 3fl. The yield of regenerated plants may be 5"/" of .the protoplasts
originally cultured (Nelson, 1983). Plants can be maintained and multiplied
.::rnd
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Figure 3.  Plant  regenerat ion f rom potato protoplasts.  (a)  isolated leaf  protoplasts l
(b)  protoplasr-der ived coloniesi  (c)  protoplast-der ived colonies in d iv ided dishes:  (d)  colonies
or i  agar;  (e)  shoot regenerat ion f rom colonies;  ( f )  protoplast-der ived plant let ;  (g)  regenerated
plants (cv. Majestic) in soil.
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as shoot cultures or they can be transferred to soil (Figure 3g). The whole
procedure may take 4-6 months.
Successful plant regeneration has now been achieved for a wide range of
cultivars and breeding l ines of US and European origin. These include Russet
Burbank,  Katahdin,  Kennebec,  Bison.  At lant ic .  Pr imura,  Mar is  Piper .
Desi rde,  Majest ic ,  Pent land Crown,  King Edward,  Mar is  Bard.  Bint je .
Feltwell, Foxton, Ukama, Spunta and several others (Shepard and Totten.
1977;  Gunn and Shepard,  19Bl ;Thomas,  1981;  Bokelmann and Roest .  l9u3;
Jones e/  a l . ,  19831,  Nelson,  1983;  Sree Ramulu,  Di jkhuis and Roest .  l9 i l3 ;
Creissen and Karp, 1985; Haberlach et a/., 1985; Foulger and Jones. 1986).
In addition, plants have been regenerated from dihaploid potatoes (Binding
et  a l . ,1978;  Wenzel  et  a l - ,  1979;  Haber lach et  a | . .1985).  and several  other
Solanunt species. The latter include S. brevidens (Nelson. Creissen and
Br ight ,  1983;  Haber lachet  a/ . ,  1985);  S.  phureja (Creissen.  1984;  Haber lach
et  a | . ,1985),  S.  chacoense (Butenko et  a l . ,1977),  S.  dulcamara (Binding and
Nehls, 1977), S. etuberosum and S. penell i i(Haberlach et al.. 1985). ln an
extensive screen, Haberlach et al. (1985) were able to regenerate plants from
22 of the 36 l ines tested. However, procedures are not necessarily routine,
and methods used vary from one laboratory to another. Careful study to
optimize the culture and regeneration of three cultivars clearly showed that
the efficiency of regeneration is genotype related. and different genotypes
require different culture conditions (Shepard, 1982a; Foulger and Jones,
I  986) .
Consequences of a callus phase
Tissue cul ture techniques involv ing propagat ion v ia mer is tems or  ax i l lary
buds are generally characterized by genetic stabil ity (D'Amato. 197tt). In
contrast, regeneration of plants from cultured protoplasts. explants and
organs involves adventit ious shoot formation from callus. and it has been
known for some time that instabil it ies can occur in disorsanized tissue
(Bayl iss,  1980).
CYTOLOGICAL INSTABILITY
There are numerous reports in the l iterature of changes in both chromosome
number and structure in calluses of various origins and in plants regenerated
from cuftures in vitro (D'Amato, 1978; Constantin, 1981; Wersuhn and
Dathe, 1983). This evidence raises the issue of whether chromosome insta-
bil i ty wil l be a problem in the use of t issue culture steps in potato breeding.
In early studies of potato plants regenerated from protoplasts of the
American cultivar Russet Burbank, Shepard, Bidney and Shahin (1980)
found no changes in the chromosome number of f ive clones. In later work
(Shepard, 1982b) the presence of aneuploidy was surmised from the poor
morphology of some of the regenerants and such plants were discarded.
Since then, both structural and numerical chromosome changes have been
identif ied (Gil l, Kam-Morgan and Shepard, 1985, 1986).
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An early cytological study of protoplast-derived plants of Brit ish cultivars
Maris Bard and Fortyfold provided clear evidence that numerical chromo-
some variation could be extensive. Only 4"/" of the regenerants were normal
euploids in cultivar Maris Bard and 30% in cultivar Fortyfold. The aneuploid
regenerants had either lost or gained a few chromosomes (for example,
2n : 47 , Figure 4a) or else resulted from chromosome doubling followed by
Figure 4. Chromosomes in root-tip cells of protoplast-derived potato plants; (a) aneuploid,
2n:  47:  (b)  regenerant  wi th a h igh chromosome number.  2n :93: ,  (c)  euploid regenerant
(2n:4x:48) heterozygous for  a t ranslocat ion.  A segment f rom one chromosome has been
translocated on to another,  generat ing one chromosome which is  smal ler  than the rest  of  the
complement and one which is  larger (arrows).  (Scale bar l0 pm).
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loss. and contained very high chromosome numbers ranging from 2n : 72
up to 2n : 96 (Figure 4b). Plants with high numbers were grossly abnormal
in morphology. whereas aneuploids at the tetraploicl level were not alwavs
distinguishable from normal, euploid regenerants (Karp er ot.. l9g2).
Simi lar  var iat ion has been repor ted in  other  cul t ivars (Sree Ramulu,
Di jkhuis and Roest ,  1983;  cre issen and Karp.  1985).  var iat ion in  the f re-
quency of normal plants (5-60%) probabli, arises from cultivar differences
in response and from the use of different media ancl culture methods.
Frequencies of normal tetraploids have been increased up to 60% in recent
studies (F ish and Karp,  1986).  There is  a lso c lear  ev idence of  s t ructura l
chromosome variation (Creisson and Karp. 198-5; Fish and Karp, 19t36:
Gi l l ,  Kam-Morgan and Shepard.  1986) inc luding delet ion and r ranslocat ions(Figure 4c).
Potato plants regenerated from dihaploid protoplasts were uniform in
morphology and near ly  a l l  te t raplo ids.  only  two aneuplo ids being presenr
among 48 regenerants (wenzel et al .. 1979). The different nature of this
variation reflects the difference in ploidy of the source material. Similarlv.
52% of plants regenerated from diploid solanum bret' idens protoplasts were
found to have doubled in ploidy, 24o/o were diploid. and the remainder
aneuplo id at  the tet raplo id level  (Nelson.  Karp and Br ight .  1986).  Var iat ion
of this kind has also been found in protoplast-derived regenerants of the
diploid medicinal plant s. khasianum (Kowarczyk. Mackenzie and cocking.
r e83).
In contrast to the extensive chromosomal changes that characterize potato
plants regenerated f rom protoplasts.  regenerat ion f rom cul tured explants
resul ts  in  only  min imai  var iat ion.  In  a survey encompassing regenerants of
three different cultivars (champion, Myatts Ashleaf and Desirde) ancl
explants of four different sources (leaves, stem, rachis and tuber). on average
87% of the plants screened were found ro be srabre euploidi (wheeler er a/..
1985). This improved stabil ity probably reflects the greater ease and speed
with which regenerants can be obtained from explants compared with pioto-
plasts. one possible exception is that of tuber explants, from which four out
of seven plants were aneuploid.
chromosome variation in potato plants regenerated from irl yirro culture.
particularly of protoplasts, is undesirable in schemes aimed towards the
production of plants modified in specific ways, and it wil l clearly be necessary
to screen out variant types resulting from these regeneration procedures. It
may be possible to identify factors causing instabil ity and to remove or reduce
them and both genotype-dependent differences in response ancl different
regeneration protocols should be studied. Chromosome instabil ity may not.
however, be without some application: it can be exploited as a means of
achiev ing doubl ing,  as descr ibed in the fo l lowing sect ion and of  obta in ing
introgression in hybrids, as demonstrated in cultures of rrit icule (Armstrong,
Nakamura and Kel ler .  1983).






















